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Structures and characteristics of water/oil interfaces at the molecular level are reviewed. Dynamic fluorescence
anisotropy of Sulforhodamine 101 (SR101) and excitation energy transfer from SR101 to Acid Blue 1 (AB1) at water/oil
interfaces were studied by using time-resolved total internal reflection (TIR) fluorometry. The results indicated that a
water/carbon tetrachloride (CCly) interface was sharp with respect to the molecular size of SR101 (~10 A), while a wa-
ter/1,2-dichloroethane (DCE) interface was relatively rough compared to the water/CCl, interface. The present results
were also compared with those predicted from molecular dynamic simulations and the thermally capillary wave theory.
Furthermore, on the basis of fluorescence dynamic measurements of Sulforhodamine B (SRB) adsorbed at a water/oil in-
terface, a relationship between thickness/roughness and the polarity at the interface was discussed.

Chemistry at a liquid/liquid interface is the fundamental ba-
sis for various sciences. In practice, it has been well recog-
nized that an interface of two immisible liquid/liquid plays es-
sential roles in chromatography, phase-transfer catalysis, sol-
vent extraction, and other areas.'” Furthermore, liquid/liquid
interfacial systems have been also widely used in applied sci-
ences (i.e., foods, photographs, paints, and cosmetics). Bio-
logical cells are an another example of liquid/liquid interfacial
systems, in which two water phases are separated by an organ-
ic membrane wall and various chemical reactions proceed
across the membrane wall. Therefore, directional mass/elec-
tron transfer across liquid/liquid interfaces has been studied as
a model of biological systems.*'® Liquid/liquid interfacial
systems have also been recently studied in reference to a mod-
el of molecular/ion recognition in biological systems.'”2! All
these interfacial phenomena are supposed to be dependent on
the nature of a liquid/liquid interface, so that detailed under-
standings of chemical and structural characteristics of liquid/
liquid interfaces at a microscopic level would afford wide ben-
efit for further advances in various sciences. Nonetheless, very
little is known about the chemical and structural characteristics
of a liquid/liquid interface at a microscopic level.

So far, experimental studies on liquid/liquid interfaces have
been conducted on the basis of thermodynamic,?>* spectro-
scopic,”? and electrochemical techniques,*'® and fundamen-
tal knowledge about the properties of liquid/liquid interfaces
has been accumulated over the past decades. However, experi-
mental results obtained by these studies do not necessarily pro-
vide microscopic or molecular-level characteristics at the inter-
face, since these studies are based essentially on bulk measure-

ments. In the field of electrochemistry, as an example, mass/
electron transfer processes across liquid/liquid interfaces have
been studied extensively.*'® Although such approaches were
very successful to elucidate kinetic mechanisms of interfacial
processes, characteristic features of the chemistry at the inter-
face in nanometer resolution cannot be obtained. One basic is-
sue, which has thus remained unsolved, is the thickness and/or
roughness at a liquid/liquid interface. For instance, Schiffrin
and Girault studied ground-state electron transfer at a water/oil
interface and reported that oil and water molecules were mixed
in the interfacial region, which was thick enough to be consid-
ered as the third phase.6 On the other hand, another view of
the interface has been provided by a study on ion transfer ki-
netics across a water/oil interface by means of faradaic imped-
ance measurements at equilibrium potentials. These studies
predicted the existence of a “sharp inner layer” at the phase
boundary.7 To date, however, there is no clear experimental
evidence for these models. A clearer picture of liquid/liquid
interfacial phenomena is obtained only by exact knowledge
about the structural characteristics at the interface. Experi-
mental approaches other than those mentioned above are need-
ed to reveal an unambiguous picture of the microscopic struc-
tures at a water/oil interface.

Recent advances in molecular dynamics simulations have
provided invaluable information about molecular level charac-
teristics at a water/oil interface.**! As an example, Benjamin
and his co-workers have reported the structures of water/car-
bon tetrachloride (CCly) and water/1,2-dichloroethane (DCE)
interfaces on the basis of molecular dynamics computer simu-
lations, and have demonstrated that a water/DCE interface is
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molecularly sharp; there is no mixed solvent layer between the
two phases.*>**33° However, they have also pointed out that
the physical property of the interface is characterized by ther-
mally capillary waves**™ generated at the interface and that
the interface is quite rough on a short time scale. Such an in-
formation is very important to elucidate further the liquid/lig-
uid interfacial structures, including their dynamics. Nonethe-
less, complementary studies by experiments are limited, so
that the predictions given by the simulations are still controver-
sial and worth checking experimentally.

Among the past decades, new experimental techniques were
developed and applied to studying interfacial processes at a
water/oil boundary: nonlinear optical techniques (second har-
monic generation (SHG)**>? and sum frequency generation
(SFG)),% X-ray reflectivity measurements,*®*® quasi-elastic
laser scattering (QELS),*7* and total-internal-reflection (TIR)
spectroscopy.”” > Nonlinear optical techniques have afforded
new insights about the characteristics at liquid/liquid interfac-
es, such as molecular orientations and hydrogen bonding struc-
tures of water. On the other hand, X-ray reflectivity measure-
ments can afford information about the thickness of the inter-
facial layer. Nonetheless, it is very difficult to discuss dynamic
motions of a molecule at the interface. QELS provides infor-
mation about the role of thermal capillary waves in the physi-
cal properties of the interface. However, its time-resolution is
in the rage of milliseconds so that dynamic aspects of the inter-
facial structures in nanometer scale cannot be obtained. On
the other hand, it is well known that both nanometer and nano-
second—picosecond resolutions at an interface can be achieved
by TIR fluorescence spectroscopy. Unlike steady-state fluores-
cence spectroscopy, fluorescence dynamics is highly sensitive
to microscopic environments, so that time-resolved TIR fluo-
rometry at water/oil interfaces is worth exploring to obtain a
clearer picture of the interfacial phenomena.

One of the interesting targets to be studied is the characteris-
tic of dynamic motions of a molecule adsorbed on a water/oil
interface. Dynamic molecular motions at a liquid/liquid inter-
face are considered to be influenced by subtle changes in the
chemical/physical properties of the interface, particularly in a
nanosecond—picosecond time regime, so that time-resolved
spectroscopy is expected to be useful to study the nature of a
water/oil interface.

We have studied water/oil interfaces on the basis of time-re-
solved total-internal reflection fluorescence spectroscopy and
have discussed the structures and interfacial characteristics at a
molecular level 2479 Tn these studies, we employed the fol-
lowing experimental approaches. One is a magic angle depen-
dence of the TIR fluorescence decay profile of dye molecules
adsorbed on a water/oil interface.***”* The other approach is
a structural dimension analysis of excitation energy transfer
dynamics between dye molecules adsorbed on a water/oil in-
terface.®””> We applied these methods to studying water/oil in-
terfaces, and succeeded in obtaining invaluable information on
characteristic features at water/oil interfaces.

In this article, we review recent results on the studies of
chemical and structural characteristics at water/oil interfaces
with special references to those at water/CCl, and water/DCE
interfaces. So far, water/CCl, and water/DCE interfaces have
been studied by various techniques, and it has been reported
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that the water/CCl, and water/DCE interfaces are very thin:
thickness of 1 nm.>**' Furthermore, molecular dynamics sim-
ulations reported by Michael and Benjamin indicate that the
water/DCE interface is thicker and rougher compared to the
water/CCl, interface.® Simulations give molecular-level in-
sight about a liquid/liquid interface and are the indispensable
basis for understanding the characteristics at the interface.
Nonetheless, complementary studies by experiments are abso-
lutely necessary, as mentioned above. Therefore, we explored
picosecond TIR fluorescence spectroscopy to elucidate the
structures of water/CCl,; and water/DCE interfaces, and we
compared the results with those predicted by molecular dy-
namics simulations.

1. A Magic-Angle Dependence of the TIR Fluorescence
Decay Profile of SR101 at a Water/Qil Interface

Characteristics of a water/oil interface should appear in the
molecular motions of a dye adsorbed on the interface. Wirth
and Burbage reported in-plane and out-of-plane reorientation
dynamics of Acridine Orange at water/oil interfaces on the ba-
sis of fluorescence depolarization measurements and, demon-
strated that out-of-plane reorientation of the dye was influ-
enced by surface roughness, while the in-plane reorientational
dynamics was almost independent of the viscosity of the oil
phase.” Although a fluorescence depolarization technique is
certainly promising to obtain an inside look at a liquid/liquid
interface, the number of such studies is still limited. In order
to obtain more detailed information, we therefore conducted
TIR fluorescence dynamic anisotropy measurements of a dye
adsorbed on water/oil interfaces on the basis of a picosecond
time-correlated single photon counting technique 36879

For TIR fluorescence spectroscopy on water/oil interfaces,
the choice of a probe molecule is of primary importance. For
example, the penetration depth (d},) of an incident evanescent
wave at a DCE (refractive index (n); n; = 1.44)/water (n, =
1.33)** interface is calculated to be ~94 nm on the basis of the
equation, d, = A/{47(n,*sin?0, — n,")"?}, where A is the wave-
length (580 nm) of an excitation laser beam and 6; is the inci-
dent angle of the laser beam (80°).”> It has been reported that
the thickness of a sharp water/oil interface represented by wa-
ter/DCE is ~1 nm,* so that d, of the incident evanescent wave
is thicker than the thickness of the interfacial layer, and the flu-
orescence characteristics of a probe molecule in the bulk phase
are superimposed, more or less, on those at the interface.’!
Therefore, a probe molecule should be highly surface active
and adsorb on the interface, so as to exclude fluorescence of
the probe molecule from the bulk phase. In the present experi-
ments, we employed Sulforhodamine 101 (SR101) as a fluo-
rescence probe throughout the study, since SR101 is highly
surface active and adsorbs strongly on a water/oil interface.
This has been confirmed by interfacial tension () measure-
ments reported elsewhere.®*¥” The structures and abbrevia-
tions of the dye molecules used in this study are shown in
Scheme 1.

Dynamic fluorescence anisotropy is based on rotational re-
orientation of the excited dipole of a probe molecule, and its
correlation time(s) should depend on local environments
around the molecule. For a dye molecule in an isotropic medi-
um, three-dimensional rotational reorientation of the excited
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Scheme 1.
rhodamine B; SRB, (c) Acid Blue 1; AB1.

dipole takes place freely.”> At a water/oil interface, on the oth-
er hand, the out-of-plane motion of a probe molecule should be
frozen when the dye is adsorbed on a sharp water/oil interface
(i.e., two-dimensional in respect to the molecular size of a
probe), while such motion will be allowed for a relatively thick
water/oil interface (i.e., three-dimensional).”® Thus, by ob-
serving rotational freedom of a dye molecule (i.e., excited di-
pole), one could discuss the thickness of a water/oil interface;
the correlation time(s) provides information about the chemi-
cal/physical characteristics of the interface, including the dy-
namical behavior of the interfacial structure. Dynamic fluores-
cence anisotropy measurements are thus expected to provide
new insights about a water/oil interface, not obtained by con-
ventional spectroscopies.

The laboratory coordinate system chosen for TIR fluores-
cence anisotropy measurements is illustrated in Fig. 1. SR101
molecules located at a water/oil interface (in the X-Y plane)
are excited by an s-polarized laser beam along the X-axis. The
TIR fluorescence is then detected along the Z-axis and its po-
larization is selected by a polarizer. The fluorescence decay
profile observed under such a configuration is analyzed for two
limiting cases, depending on the structure of a water/oil inter-
face: two-dimensional or three-dimensional.

Case I: Two-Dimensional Model. If the thickness of a
water/oil interface is comparable to the molecular size of
SR101 and the dye molecules located at the interface are
strongly oriented, the rotational motions of SR101 will be

Structures and abbreviations of the dye molecules used in this study. (a) Sulforhodamine 101; SR101, (b) Sulfo-

Aqueous phase

Excitation laser beam

Interface

Oil phase s-polarized

1,0)

Fig. 1. Coordinate system defined in the experiment. The
X-Y plane is the plane of the interface.

strongly restricted in the interfacial layer (X-Y plane of the in-
terface, two-dimension), and the emission dipole moment of
SR101 (direction of the long axis of the xanthene ring) directs
within the X-Y plane. In such a case, the time profile of the
total fluorescence intensity of SR101 observed from the inter-
face should be proportional to [(f) + I.(f), where I)(t) and
I, (¢) represent the fluorescence decay profiles observed with
emission polarization parallel and perpendicular to the direc-
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tion of excitation polarization, respectively. When the angle of
the emission polarizer is set at 45° with respect to the X axis
(magic angle), fluorescence anisotropy is canceled, so that the
TIR fluorescence decay curve can be analyzed by a single-ex-
ponential function. If a water/oil interface is very sharp, there-
fore, fluorescence dynamic anisotropy r(¢) obeys Eq. 1,

L o-L@ e

(1) HOTLO r(0) exp (—t/7"") (1)
where r(0) and 7 are initial anisotropy (+ = 0) and the reori-
entation correlation time, respectively. In Case I, #(0) should
be equal to 0.5.%

Case II: Three-Dimensional Model. On the other hand,
if the interfacial layer is thick enough compared to the molecu-
lar size of SR101 and if SR101 molecules adsorbed on the in-
terface are weakly oriented, the rotational motions of SR101
take place in three dimensions, similar to those in a bulk phase.
If this is the case, the contribution of the fluorescence with the
excited dipole moment of SR101 directed along the Z axis can-
not be neglected, so that the time profile of the total fluores-
cence intensity must be proportional to /(#) + 2/,(f). Thus,
fluorescence dynamic anisotropy is given by Eq. 2, as is well

known for that in a macroscopically isotropic system:*>’
Li@)—1.(t
r(t) = AOZRO r(0) exp (—1/7") 2
() +21,(1)

and r(0) and the magic angle are calculated to be 0.4 and 54.7°,
respectively. The thickness of a water/oil interfacial layer
would be evaluated through TIR fluorescence anisotropy mea-
surements and the 7° value(s) provides information about
characteristic features of a water/oil interface.

Fluorescence dynamic anisotropy measurements under nor-
mal (bulk) or TIR conditions were conducted as described pre-
viously.®*¥793 Briefly, an excitation laser beam, polarized per-
pendicular to the plane of incidence (s-polarized) by using a
Glan-laser prism, was irradiated to a water/oil interface
through the oil phase, as illustrated in Fig. 2. In the present ex-
periments, the incident angle of the laser beam (6;) was set
(80°) larger than the critical total-reflection angle at the water/
oil interface. The fluorescence from the sample was collected

Aqueous phase\
~>

Excitation laser beam %
(s-polarized) /

Oil Phase NS
q Polarizer
.
MCP Monochromamrq
\Y n
Depolarizer

Fig. 2. Schematic illustration of a system for total internal
reflection fluorescence dynamic measurements at water/oil
interface.
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along the surface normal and its polarization was selected with
a polarizer (Polaroid, HNP’B). The polarized fluorescence
was detected by a microchannel-plate photomultiplier
(Hamamatsu, R3809U-50) equipped with a monochromator
(Jobin Ybon, H-20) and analyzed by a single-photon counting
module (Edinburgh Instruments, SPC-300). All experiments
were conducted at room temperature (~23 °C).

We studied water/phthalate ester (PE) interfacial systems.%
In bulk homogeneous solutions, SR101 exhibited a single rota-
tional reorientation time in the range of 0.21-12.9 ns, depend-
ing on the viscosity of the medium (0.93-70.7 cP at 23 °C). At
a water/PE interface, on the other hand, fluorescence anisotro-
py of the dye showed a double exponential decay with the time
constants of 0.27-0.89 and 1.38-3.30 ns; these values varied
with the structure of the ester alkyl groups in PE. Since the ro-
tational reorientation times observed at the interface agree with
neither the value in water (0.21 ns) nor that in the relevant bulk
oil solution, the water/PE interfacial structure is concluded to
be much different from that in each phase. The observed rota-
tional reorientation times of the dye provided molecular-level
information about specific adsorption modes of SR101 on wa-
ter/PE interfaces. Furthermore, rotational freedom of SR101
observed at the interface was two-dimensional like, so that the
water/PE interface was concluded to be sharp in respect to the
molecular size of SR101 (~1 nm). The present approach was
shown to be one potential means to discuss the thickness of the
interfacial layer in the spatial resolution of the order of ~1 nm.

The experimental idea was then applied to study water/CCl,
and water/DCE interfacial systems.®” Figure 3 shows fluores-
cence decay profiles of SR101 observed from water/CCl, and
water/DCE interfaces at an emission polarization angle of 45°
((a) and (c)) or 54.7° ((b) and (d)), together with the relevant
weighted residuals (Re) and autocorelation trace (Cr) for each
single-exponential fit. In the case of the water/CCl, interface
((a) and (b)), Re and Cr of the data observed at 54.7° exhibited
nonrandom distributions compared to those predicted by the
best fit (b), particularly, those in the initial stage of excitation
(< 1 ns). But, the profile observed at the magic angle 45° was
reasonably fitted by a single exponential function as judged by
the relevant Re and Cr (a).” The y* and Durbin-Watson (DW)
parameters for the fitting also support that the best fit of the ob-
served data by a single-exponential function is attained by set-
ting an emission polarizer at the magic angle, 45° (Table 1).
Therefore, it is concluded that the water/CCly interface is sharp
with respect to the molecular size of SR101 and that three-di-
mensional rotational motions of SR101 are inhibited at the wa-
ter/CCl, interface.

In the case of a water/DCE interface ((c) and (d)), on the
other hand, a fitting of the data by a single exponential func-
tion cannot be attained by setting an emission polarizer at 45°,
as confirmed by deviations of Re and Cr from the optimum
values (c). When the fluorescence decay profile is measured
by setting an emission polarizer at 54.7° (d), fluorescence
anisotropy can be reasonably fitted by a single exponential
function including the time response in the initial stage of exci-
tation (see also > and DW in Table 1). Therefore, the interfa-
cial layer of the water/DCE interface is thick compared to the
molecular size of SR101, and the dye molecules adsorbed on
the interface are weakly oriented. Otherwise, the interface is
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Fig. 3. TIR fluorescence decay curves of SR101 at water/CCl, ((a) and (b)) and water/DCE ((c) and (d)) interfaces. The angle of the
emission polarizer 45° was set ((a) and (c)) or 54.7° ((b) and (d)) in respect to the direction of excitation polarization. The upper
and inner panels of each figure represent the plots of the weighted residuals (Re) and the autocorelation trace (Cr) for a single-ex-

ponential fitting, respectively.

Table 1. Fluorescence Decay Parameters of SR101
Adsorbed on Water/Oil Interfaces Observed under the TIR
Conditions and in an Aqueous Solution

7/ns rY  DWwWY

Water/CCl, 4590 406+002 1.11 1.88
54.7° 9 421 +£0.03 161 137

Water/DCE 45°® 3.62 002 228 090
54.7°" 412+003 109 1.73

aq® 412 £0.01 1.16 1.94

a) x* and DW represent the y* and Durbin—Watson parame-
ters for the fitting, respectively.

b) The angle of the emission polarizer in respect to that of
the excitation laser beam.

¢) Determined in an aqueous SR101 solution ([SR101] =
1.7 X 1077 M).

spatially rough at the molecular size of SR101. SR101 mole-
cules at the water/DCE interface behave similar to those in an
isotropic medium, in contrast to the results at the water/CCly
interface.

2. Excitation Energy Transfer and Its Dynamics at a
Water/Oil Interface

It is worth noting that water/oil interfacial structures would
be governed by various factors, so that a complementary study

other than fluorescence dynamic anisotropy is required to ob-
tain further detailed information about the characteristics at a
watre/oil interface. As a new and novel approach, therefore,
excitation energy transfer dynamics and the relevant structural
(fractal) dimension analysis were introduced to elucidate the
structure of a water/oil interface.

Sitzmann and Eisenthal reported excitation energy transfer
from Rhodamine 6G to 3,3’-diethyloxadicarbocyanine iodide
at an air/water interface on the basis of time-resolved second
harmonic generation measurements. They demonstrated that
excitation energy transfer dynamics at the interface could be
analyzed by a two-dimensional model.”® In their measure-
ments, nonetheless, the signal-to-noise ratios of the measure-
ments were not necessarily good, so that the discussions are
still controversial.

We consider here dipole—dipole (Forster-type) excitation en-
ergy transfer between an energy donor (D) and an acceptor (A)
both adsorbed on a water/oil interface. When diffusional mo-
tions of D and A are inhibited, as in the case for strong binding
of the molecules to the surface by adsorption, excitation ener-
gy transfer quenching dynamics of D by A reflects structural
dimension around D and A through spatial distributions of the
components.”  Actually, the method has been applied to
study nanometer-scale morphologies in Langmuir-Blodgett
films, 910! yegicles,01:102 polymers,m‘106 and silica gels.lm"og
In such a case, fluorescence dynamics of D (/p(¢)) should obey
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the following equation, as reported by Klafter and Blumen,”
In(t) = Aexp(—(t/tp)—P(t/1p)"°) 3)

where A is a pre-exponential factor and 7p is the excited state
lifetime of D without A. P is a parameter proportional to the
probability that A resides within the critical energy transfer
distance (Ry) of the excited donor. d is called the fractal di-
mension and reflects a spatial distribution of A around D. If D
and A molecules adsorb uniformly on a sharp water/oil inter-
face (two-dimensional), d should be 2.0, since excitation ener-
gy transfer takes place exclusively along the lateral direction at
the interface. On the other hand, if a water/oil interface is
thick and rough in respect to the molecular size of a probe mol-
ecule, d should be 2.0-3.0, since the possibility of energy
transfer along the direction other than the lateral direction can-
not be neglected. Therefore, we expect that a study on excita-
tion energy transfer dynamics will provide invaluable informa-
tion about the characteristics at a water/oil interface, along
with a complementary study on the same system by fluores-
cence dynamic anisotropy.

Figure 4 shows the fluorescence and absorption spectra of
SR101 (donor) and Acid Blue 1: AB1 (acceptor) in water, re-
spectively. As seen in Fig. 4, since the fluorescence spectrum
of SR101 overlaps with the absorption spectrum of AB1, effec-
tive excitation energy transfer from SR101 to AB1 is expected.
In the present case, energy transfer between the excited singlet
state of SR101 and AB1 proceeds via a Forster-type mecha-
nism,''? so that the energy transfer efficiency can be estimated
by the following equation:

Ry®

9000In(10)x2@y o0 Fp(V)EA(V)
= — jo . dv
1287°n*Na v

“

In Eq. 4, Ry is the critical energy transfer distance and x is an
orientational factor for energy transfer (usually assumed to be
K2 = 2/3). ¢y is the fluorescence quantum yield of the donor in
the absence of an acceptor and 7 is the refractive index of the
medium. Nu, Fp(V), and €5(Vv) are the Avogadro’s number, the
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Fig. 4. Fluorescence spectrum of SR101 (solid line) and ab-
sorption spectrum of AB1 (dashed line) in water.
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Fig. 5. Fluorescence decay profiles of SR101 at a water/DCE
interface in the absence and presence of AB1: (a) [AB1] =
0, (b) 1.91 X 107, (c) 3.82 X 107, (d) 5.73 X 107° M.
The solid curve shows the best fit by Eq. 3. The fastest de-
cay profile denotes an instrumental response.

spectral distribution of the fluorescence in quanta normalized
to unity, and the molar absorptivity of AB1 at each wavenum-
ber v, respectively. According to Eq. 4, R, in water is calculat-
ed to be 71 A, indicating that efficient excitation energy
transfer from SR101 to AB1 should occur. Therefore, on the
basis of analysis of fluorescence decay curves of SR101 at a
water/oil interface in the presence of AB1, the structure of the
interface could be estimated with the spatial resolution being
in the order of Ry (~70 A).

Figure 5 shows the fluorescence decay curves of SR101 at a
water/DCE interface in the absence ((a)) and presence of AB1
(1.91, 3.82, and 5.73 X 10~° M for (b), (c) and (d), respective-
ly). Analogous results were obtained for a water/CCl, system
(data are shown elsewhere).®” In the absence of AB1, the fluo-
rescence decay of SR101 was fitted satisfactorily by a single-
exponential function with the decay time of 4.21 ns. In the
presence of the acceptor, on the other hand, the fluorescence
exhibited a non-single exponential decay. For energy transfer
dynamics in fixed geometries of both energy donor and accep-
tor, the fluorescence decay profile of the donor cannot be ex-
pressed by a single exponential function, but should be ana-
lyzed by a Klafter—Blumen equation (Eq. 3) as demonstrated
for that in various inhomogeneous systems.”®!%*103105 [y Eq
3, d is the structural (fractal) dimension as described before
and, in the present case, this reflects the spatial distribution of
ABI1 around SR101 at a water/CCly or water/DCE interface. P
is the term related to the AB1 concentration at a water/oil inter-
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face, which is defined by Eq. 5.

P = O(d/d)[(1—d/6)(Ro/a) ®)

In Eq. 5, 6, is the degree of interfacial coverage of AB1 and d
is an Euclidean dimension (2, in the case of surface adsorp-
tion). a is the effective radius of SR101 (7 A). I represents a
gamma function. Simulations of the observed decay profiles in
Fig. 5 were then performed on the basis of Eq. 3 with 7, being
fixed at 4.21 ns. The parameters obtained by the simulation (P
and d) are summarized in Table 2, together with the y* parame-
ters of the fittings. The y* parameters and the weighted residu-
als (Re) of the fittings, shown in the upper traces of Fig. 5, in-
dicate that the fluorescence decay profiles of SR101 are well
fitted by Eq. 3.

Although statistical validity of the fitting can be judged by
x* and Re, the application of the Klafter-Blumen equation to
the decay profile analysis is not necessarily warranted and is
worth checking in more detail. First, the Klafter—Blumen
model requires that the fluorescence decay profiles observed at
different AB1 concentrations should be fitted by a common d
value. As shown in Table 2, this requirement is safely satis-
fied; the d value for the water/CCly or water/DCE system was
1.86-2.00 or 2.45-2.53, respectively, which was within the ex-
perimental errors.

According to Eq. 5, second, the P value obtained by the fit-
ting should increase linearly with an increase in the degree of
interfacial coverage (6) of AB1 on the water/oil interface. In
order to estimate 6,, therefore, interfacial tension (}) measure-
ments were conducted. The relationship between P and 6a
thus obtained is shown in Fig. 6. It is worth noting that the P
value increases linearly with an increase in 6, for both cases.
The results demonstrate explicitly that the Klafter—Blumen
model in Egs. 3 and 5 is applicable to the present system. Fur-
thermore, the dye concentration adsorbed on the interface is
very low (interfacial coverage of AB1: 0.12-1.51%, SR101:
0.06-0.29%) so that the interfacial structure is not influenced
appreciably by dye adsorption. Therefore, the variation of the
d value with the nature of the oil (Table 2) is meaningful and is
worth discussing in detail.

The results in Fig. 6 also provide information about the crit-
ical energy transfer distance between SR101 and ABI1 at the
water/oil interface. Knowing d, d, and a, one can calculate the

Table 2. Structural Dimension Analysis of Excitation Energy
Transfer Quenching of SR101 by AB1 at the Water/Oil
Interfaces

[AB1]/10° M P a 1
Water/CCl, 1.91 082 1.86 1.06
3.82 146 194  1.00

5.73 197 200 1.01
Water/DCE 1.91 050 247 1.05
3.82 1.06 245 1.05
5.73 140  2.53 1.15

a) The P parameter defined in Eq. 5.

b) The structural dimension determined by excitation
energy transfer quenching of SR101 fluorescence by AB1
(see main text).
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Fig. 6. Relationship between P and 6,, for water/CCl, (open
square) and water/DCE systems (open circle). The dashed
line represents the best fit by using Eq. 5.

R, value on the basis of the slope value of the plot in Fig. 6 and
Eq. 5. Actually, the R, value at the water/CCl, or water/DCE
interface was calculated to be 75 or 74 A, respectively. These
R, values are comparable to that (71 A) estimated from Eq. 5.
This also supports validity of the present analysis by the
Klafter—Blumen model in Eq. 3.

The structural dimension for energy transfer at the water/
CCly or water/DCE interface (Table 2) was 1.86-2.00 (aver-
age, 1.93) or 2.45-2.53 (2.48), respectively. The present
Klafter—Blumen analysis of the data is very meaningful as de-
scribed above, so that structural characteristics of the interface
should be reflected on the d value. The d value for the water/
CCly interface (1.93) indicates that the interface is sharp and
can be regarded as two-dimensional, for the spatial resolution
by the energy transfer quenching method (~70 A or ~7 nm).
Phenomenologically, the result agrees well with that derived
from fluorescence dynamic anisotropy measurements; the in-
terface is thin enough to inhibit three-dimensional rotational
motions of SR101. If the interface is thin enough and modeled
strictly by two-dimensions, however, the structural dimension
should be equal to 2.0, since energy transfer quenching is re-
stricted in the X-Y plane of the interface. A d value smaller
than 2.0 has frequently been reported for the interfacial sys-
tems such as vesicles and Langmuir-Blodgett films, and d <
2.0 in these systems has been discussed in terms of a non-uni-
form distribution of an energy acceptor at the interface: fractal
structure.'%%1%" Therefore, a fractal-like distribution of AB1 at
the water/CCl, interface might play a role in deciding the d
value.

On the other hand, the structural dimension determined for
the water/DCE interface was larger than 2.0:2.48. This sug-
gests that the water/DCE interface is thicker than the water/
CCly interface. The fluorescence dynamic anisotropy mea-
surements also gave analogous results; the interface is thick
enough to allow three-dimensional rotational motions of
SR101. It should be noted that these results do not necessarily
imply that the water/DCE interface is characterized by a three-
dimensional space. Taking the results obtained by molecular
dynamics simulations into account, it is supposed that the wa-
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ter/DCE interface is thin, but is rough in respect to the spatial
resolution by the energy transfer quenching method, as dis-
cussed in the following section.

3. Structures of Water/Oil Interfaces

3.1 Water/CCl, and Water/DCE Interfaces. In the
present study, both fluorescence dynamic anisotropy and exci-
tation energy transfer methods were successful in providing in-
formation about the structures and thickness/roughness of the
water/CCl, and water/DCE interfaces. However, it should be
noted that, although the results obtained by the present two
methods are complementary to discuss the structures of the in-
terfaces, these cannot be compared directly with each other,
since fluorescence dynamic anisotropy provides information
about molecular level structures of the interface (i.e., dimen-
sion of the molecular size of SR101 ~1 nm) while the excita-
tion energy transfer method affords relatively long-range inter-
facial structures (i.e., dimension of the critical energy transfer
distance ~7 nm). On the basis of such experimental back-
grounds, the following discussions are offered.

A water/CCly or water/DCE interface is a representative
system studied by various techniques; so far, invaluable infor-
mation about the structure of the interface has been accumulat-
ed.***  As an example, Benjamin and his co-workers have
demonstrated that a water/DCE interface is molecularly sharp;
there is no-mixed solvent layer between the two phas-
es.33:343639 However, they have also pointed out that the physi-
cal property of the interface is characterized by thermally cap-
illary waves generated at the sharp interface and that the inter-
face is quite rough at a short time scale.>** According to their
calculations, namely, the capillaries with the amplitude as
short as 0.8 nm are constantly moving at the interface and
these protrude into the DCE phase on the time scale of tens of
picoseconds. However, the long time average (hundreds of pi-
coseconds) of the interface results in a relatively smooth densi-
ty profile that gives rise to the interface thickness of about 1
nm. Molecular dynamics simulations and interfacial tension
measurements have also demonstrated that the water/CCly in-
terface is thinner than the water/DCE interface; the thickness
of the water/CCl, interface has been reported to be < 1 nm.*
Molecular dynamics simulations provides information about
molecular level structures of the interface. The spatial resolu-
tion of fluorescence dynamic anisotropy measurements is ~1
nm (i.e., the dimension of the molecular size of SR101), so that
the present results are worth comparing with the predictions
from the simulations.

The thickness of the water/DCE interface (1 nm) is compa-
rable to the molecular size of SR101 (1.0-1.4 nm).®® Further-
more, SR101 molecules adsorbed on the water/DCE interface
are supposed to be restricted within the two-dimensional
plane, with the hydrophilic SO;~ group being towards to the
water phase while the hydrophobic xanthene ring is directed to
the DCE phase.®® Therefore, when the water/DCE interface is
very sharp, three-dimensional-like rotational reorientation of
SR101 would not be observed, in contrast to our experimental
observation. One possible reason for this is thermal fluctua-
tions of the interface, by which SR101 molecules behave simi-
lar to those in an isotropic medium: SR101 on the interface are
tumbled by thermal fluctuations. Similar situations are also
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expected for SR101 at the water/CCly interface, while the dy-
namic anisotropy experiments suggest that the interface is two-
dimensional-like. It has been reported that thermal capillary
waves at an interface are related to the interfacial tension of the
system.”>™ 1In the present systems, the lower interfacial ten-
sion of the water/DCE system compared to that at the water/
CCl, interface indicates that the amplitude(s) of the surface
wave(s) is larger for the water/DCE system relative to that for
the water/CCl, interface. This prediction agrees with the re-
sults from the computer simulations as described above; the
thickness of the water/DCE or water/CCl, interface is 1 nm or
< 1 nm, respectively. Thus, the contribution of the thermal
fluctuation to the rotational motions of SR101 would be small-
er at the water/CCly interface, leading to a two-dimensional-
like anisotropy decay of the dye at the interface.

Short-range (~1 nm) structural information about the inter-
face obtained by fluorescence dynamic anisotropy experiments
is not contradicted by the results by the excitation energy
transfer method: d (water/CCl,) = 1.93 and d (water/DCE) =
2.48. Energy transfer at a water/oil interface is schematically
shown in Scheme 2. For simplicity, it is assumed here that an
SR101 molecule (closed circle) sits on the interface (X-Y
plane). The molecular size of SR101 is 1.4 nm and the critical
energy transfer distance is ~7 nm, so that energy transfer pro-
ceeds at a long distance. When both SR101 and AB1 are locat-
ed at a flat interface, the structural dimension of energy trans-
fer should be exactly 2.0. If the interface is rough and AB1
(closed triangle in Scheme 2) is displaced from the X-Y plane,
on the other hand, the angle between the positions of the
SR101 and AB1 molecules along the Z axis (¢ in Scheme 2)
determines the d value. Clearly, when displacement along the
Z axis (8) is very small, d is 2.0. An increase in § implies that
the interface becomes rougher and, thus, d increases to 3.0.
Since SR101 at the water/DCE interface exhibits three-dimen-
sional-like motions, the interface has been suggested to be
rougher compared to the water/CCl, interface. Therefore, the
structural dimension of the water/DCE interface (d = 2.48)
will be a reasonable consequence, reflecting the characteristic
structure of the interface.

In the above experiments, we used SR101 as a probe mole-
cule, since the nonradiative decay rate constant is not sensitive
to solvation environments owing to the ring structure in the
xanthene chromophore.''® Actually, the fluorescence lifetime
of SR101 at a water/oil interface was identical to that in an
aqueous solution, as shown in Table 1. On the other hand, the
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Fig. 7. Fluorescence decay profiles of SRB at a water/CCly
interface, a water/DCE interface and in water. The solid
curve shows the best fit by a single-exponential function.
The upper panels of the figure represent the plots of the
weighted residuals (Re) for a single-exponential fitting.

diethylamino group in Sulforhodamine B (SRB) can rotate
freely, and the nonradiative decay rate constant of the molecule
is sensitive to solvent polarity. Figure 7 shows the fluores-
cence decay profiles of SRB at a water/DCE interface and in
an aqueous solution, together with the relevant Re for each sin-
gle-exponential fit. It is noteworthy that the TIR fluorescence
decay curve observed at a water/DCE interface is reasonably
fitted by a single-exponential function as judged by Re, and the
lifetime at the interface is longer than that in an aqueous phase
(1.5 ns). The single-exponential fit indicates that the local sol-
vation structure around SRB is common for almost all the dye
molecules adsorbed on the interface. As discussed in the pre-
ceding section, nonetheless, the structural dimension at a wa-
ter/DCE interface is larger than 2, demonstrating that excita-
tion energy transfer quenching of the SR101 fluorescence
takes place other than in the lateral direction (X-Y plane). If
the water/oil interfacial layer is thick (> 1 nm) and the water/
oil composition varies gradually within the layer, the TIR fluo-
rescence of SRB should decay multi-exponentially, reflecting
various solvation structures around SRB at the interface. On
the other hand, short-range structural information about the in-
terface obtained by the fluorescence dynamic anisotropy ex-
periments suggested that the interface was three-dimensional-
like. These results can be understood only by the fact that the
water/DCE interface is thin (~1 nm), but is rough with respect
to the spatial resolution of the excitation energy transfer
quenching method (~7 nm), as shown in Scheme 3.

Although the structural differences between the water/CCly
and water/DCE interfaces are not so large, the chemical and/or
physical nature of the organic phase itself reflects on the pho-
tophysical properties of a probe molecule, indicating the nov-
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Table 3. Magic-Angles for the TIR Fluorescence Anisotropy
Measurements and Structural Dimensions at the Interfaces

Org. Phase 7Y aqin” inaq” Magic  d¥
mMNm™'  /wt%  /wt%  angle®

Cyclohexane 519 0.01 0.006 45° 1.90
CCly 45 0.01 0.08 45° 1.93
Toluene 33 0.03 0.05 ~45° 2.13
CBP 37 0.03 0.05 ~45° 2.20
DCB" 39 0.31 0.03  45-54.7° 2.30
DCE 28 0.15 0.81 ~547° 248

a) Interfacial tension of the water/oil system, determined by
a pendant drop method.!!?

b) Taken from Ref. 94

c) The angle of an emission polarizer, by which the fluores-
cence decay is best fitted by a single-exponential function.
d) The structural dimension determined by excitation energy
transfer quenching of SR101 fluorescence by AB1 (see main
text).

e) Ref. 114.

f) CB and DCB represent chlorobenzene and o-dichloroben-
zene, respectively.

elty of the present experimental approaches. Systematic inves-
tigations on liquid/liquid interfaces are important to reveal fac-
tors governing structural and physical characteristics of liquid/
liquid interfaces. Therefore, we introduced fluorescence dy-
namic anisotropy and excitation energy transfer measurements
to several water/oil interfacial systems; the data are summa-
rized in Table 3. The results are discussed in terms of the rela-
tionship between the interfacial structure and polarity at water/
oil interfaces (section 4).

3.2 Theoretical Considerations. The simplest way to
understand the difference in the interfacial structure will be to
consider the interfacial tension. An interfacial tension (mN
m™!) is equivalent to an interfacial free energy (mJ m~2).!"* As
shown in Table 3, the interfacial free energy in the water/CCly
system (44.5 mJ m ) is higher than that in the water/DCE sys-
tem (27.9 mJ m~2). The energy necessary to construct a water/
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CCl, interface is larger than that for a water/DCE interface, so
that the former is likely to construct a molecularly sharp inter-
face. Therefore, interfacial roughness decreases with increas-
ing interfacial tension (Table 3).

In the physical meaning, interfacial roughness is explained
in terms of the thermal capillary waves propagating at a water/
oil interface, which are related to the interfacial tension of the
system.”>™ Tt is well established that mean square roughness
at a liquid interface can be calculated from a model originally
proposed by Buff et al.*> In essence, any single-valued inter-
face can be described by a Fourier series of interfacial waves.
For a liquid surface, the amplitude of each wave is dependent
on both the wavelength and the temperature via a Boltzmann
distribution. Macroscopic roughness of the interface can be
evaluated from the wave amplitude integrated over all relevant
wavelengths. The mean squared height ((z%)) is described by
the following expression:

kgT k,
2\ B 270 (kmax T
= —F 7dkrd¢ 6
<Z > .[0 ,pg ykrz ( )

Integration of Eq. 6 yields

2
(2) = BTy, (Af’g vk ) @
4my Apg

where z is the vertical displacement from the mean height, &; is
the magnitude of the radial wavevector for a particular capil-
lary wave within the interfacial plane, ¢ is the azimuth angle of
rotation with in the interfacial plane, kg is the Boltzmann con-
stant, T is the temperature, ¥ is the surface tension, Ap is the
difference in density between the two media, and g is the grav-
itational constant. The upper integration limit, &y, describes
the largest magnitude of the interfacial wavevector, which is
equivalent to the smallest capillary wavelength. Since capil-
lary waves with wavelengths shorter than the intermolecular
spacing are not expected to be stable, ky,, is usually assumed
to be in the order of 7/r;,. In the case of a vapor-liquid inter-
facial system, 7, is the molecular radius of the liquid. In the
case of a liquid/liquid interfacial system, 7, is assumed to be
a weighted mean of the two liquid molecular radii.

The validity of Eq. 7 has been confirmed by means of X-ray
reflectivity measurements on roughness at various liquid/vapor
interfaces.!!>!"®  Recently, X-ray reflectivity measurements
have been also introduced to study liquid/liquid interfaces.%*8
Mitrinovic et al. applied X-ray reflectivity to study the electron
density profile normal to a water/hexane interface, and estimat-
ed interfacial width of a water/hexane interface to be 0.33 *
0.025 nm, which was in agreement with that predicted from
the capillary wave theory.®® According to Eq. 7, the interfacial
width of a water/CCl, or water/DCE interface is calculated to
be 5 or 6.4 A, respectively. These values are smaller than the
molecular size of SR101 (14 A). Therefore, the experimental
results of three-dimensional molecular rotational reorientation
of SR101 and structural dimension larger than 2 at the water/
DCE interface could not be explained by the capillary wave
theory (Eq. 7). Such a discrepancy between microscopic and
macroscopic roughness at a water/oil interface has been dis-
cussed by Wirth et al.”® The thermal capillary wave theory is
derived from macroscopic properties at a liquid/liquid inter-
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face, so that the theory is not necessarily sufficient to explain
interfacial roughness at a molecular level. The applicability of
the thermal capillary wave theory has been confirmed for inter-
facial roughness with tenths of micrometers or larger, and the
theory is expected to fail for that in submicrometer length
scales.'"”

In order to explain molecular scale interfacial roughness,
several theoretical models have been also proposed.*>!!®
Rowlen et al. introduced scale-dependent effective roughness,
which described the root mean square probability of finding a
particular difference in the height between any two points at
the interface as a function of lateral separation.*> Mecke et al.
proposed a density functional theory, in which they reconciled
the two approaches, by distinguishing the different types of
fluctuations at all length scale: both for undulations of the in-
terface and for bulk density fluctuations.''® They first de-
scribed an interface as a continuous variation of the density,
which is caused by density fluctuations within the bulk phase,
but with no undulations of the interfacial position. In the sec-
ond step, the undulation predicted by the capillary wave theory
was taken into account. Recently, the density functional theo-
ry was checked experimentally by means of grazing incidence
X-ray scattering measurements at an air/water interface.'"”
Fradin et al. observed a large decrease in the surface energy of
submicrometer waves, up to 75%, that could not be explained
by the capillary theory, but was in accord with the effects aris-
ing from the non-locality of attractive intermolecular interac-
tions, as predicted by the density functional theory. They also
predicted that the surface was rougher than that expected from
the simple capillary model at small length scales. Such a den-
sity functional theory is not contradicted by our interfacial
model: the water/DCE interface is thin (~1 nm), but is rough
with respect to the spatial resolution of the excitation energy
transfer quenching method (~7 nm, Scheme 3). Furthermore,
no clear relationship between the interfacial tension and inter-
facial roughness could be obtained in this study (Table 3). The
results suggest that molecular-scale interfacial roughness
would be governed by not only the interfacial tension (as a
macroscopic property), but also by the chemical/physical na-
ture of an organic solvent itself. Liquid/liquid interfacial struc-
tures would be governed by several factors such as dipole mo-
ment, dielectric constant, hydrogen bonding, density, molecu-
lar shape of a liquid, and so forth, so that interfacial roughness
and nature of a liquid could be correlated in a very complex
manner. Further experimental and theoretical studies includ-
ing molecular dynamic simulations will reveal detailed charac-
teristics at a liquid/liquid interface.

4. A Relationship between Interfacial Structures and
Polarity of a Water/Oil Interface

The polarity at a water/oil interface sometimes plays impor-
tant roles in deciding heterogeneous reaction kinetics.!'® Such
results suggest that solvent environments at the interface are
different from those in bulk media. In practice, the polarity
of interfacial regions such as in microemulsions'*® and mi-
celles'?"'?? has been investigated by means of UV/vis absorp-
tion spectroscopy on a polarity indicator molecule: 2,6-diphe-
nyl-4-(2,4,6-triphenyl-1-pyridino)phenoxide (DPP). However,
these studies do not provide direct information about the inter-
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facial polarity, since the experiments are conducted for bulk
systems. Recently, surface selective spectroscopic techniques
have been applied to studying the polarity at a water/oil inter-
face. As an example, Perera et al. reported the mean polarities
at water/heptane, water/decane, and water/cyclohexane inter-
faces by using attenuated-total-internal reflectance (ATR) ab-
sorption spectroscopy. They demonstrated that the absorption
peak of DPP at the interface was in the range of 600 = 10 nm,
corresponding to a solvent polarity parameter of E1(30) = 47.7
+ 0.8 kcal/mol.'"”” On the other hand, Bessho et al. applied
time-resolved total-internal-reflection (TIR) fluorescence spec-
troscopy to studying microenvironments around 1-anilino-8-
naphthalenesulfonate (ANS) at a water/heptane interface,*
and they suggested that the interfacial polarity was intermedi-
ate between that of heptane and that of water.

As another approach, Wang et al. reported an SHG (second
harmonic generation) spectroscopic study on the polarities of
water/DCE and water/chlorobenzene (CB) interfaces by using
N,N-diethyl-p-nitroaniline (DEPNA) as a probe.'”® According
to their study, the interfacial polarity (Pasp) is equal to the
arithmetic average of the polarities of the adjoining bulk phase
(P and Pg): Eq. 8.

_ P+B

7 ®)

P A/B
They explained the results by dominance of long-range solute-
solvent interactions in determining the difference in the excit-
ed- and ground-state solvation energies around DEPNA at the
interface, but not by local interfacial interactions. The applica-
bility of Eq. 8 was checked for water/heptane, water/decane,
and water/cyclohexane systems on the basis of the E1(30) pa-
rameter. However, the variation of E1(30) by these three sol-
vents was only 1.2 kcal/mol. On the other hand, Michael and
Benjamin reported molecular dynamics computer simulations
of an electronic spectrum of DEPNA at a water/DCE
interface'?* and predicted that the interfacial polarity was influ-
enced by both interfacial roughness and the position of the
probe molecule at the interface.* In addition to the long-range
solute—solvent interaction at the interface, they also demon-
strated that short-range solute—solvent interactions were also
important in determining the difference in the excited- and
ground-state solvation energies around the probe molecule at
the interface. Although such studies are very important for ad-
vances in the relevant research fields, both experimental and
theoretical studies on the polarity at a water/oil interface are
still limited. In particular, the applicability of Eq. 8 is worth
studying further in a wide range of £1(30) and the role of inter-
facial roughness in determining the polarity should be clarified
experimentally.

In order to obtain a clearer picture on the interfacial polarity,
we conducted picosecond TIR fluorescence spectroscopy by
using Sulforhodamine B (SRB) as a polarity probe molecule.”?
Since SRB is surface active and possesses a high fluorescence
quantum yield, the dye is very suitable for TIR fluorescence
measurements on the polarity at a water/oil interface, as dis-
cussed in the preceding sections. Furthermore, it has been re-
ported that the nonradiative decay rate constant (k,;) of a xan-
thene dye represented by SRB or Rhodamine B (RB) is sensi-
tive to medium polarity and that In(k,,) is linearly correlated
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with E(30).'%12® On the basis of fluorescence dynamic mea-
surements of SRB adsorbed on a water/oil interface, therefore,
we looked for a relationship between thickness/roughness and
the polarity at the interface.

The photophysical properties of a xanthene dye have been
extensively studied.!'*!2>1% Tn order to explain a relationship
between £, of the dye and a solvent polarity parameter E1(30),
Quitevis et al. proposed a two-state model.'>1?% In the model,
a fluorescent state A*, which can only decay radiatively to the
ground state Sy, is in rapid equilibrium with a non-emissive
state B*, which can only decay to S, via internal conversion.
According to the model, &, is given by

ko exp {—(BIRT + K)(Ex(30) — 30)}exp (— AGa+-*/RT)
©)

where f and x are constants and, AG 5+ is the Gibbs free en-
ergy difference between A* and B* in a non-polar solvent. If
Eq. 9 holds, a plot of In k,; vs E+(30) should be linear with the
slope value being equal to —(B/RT + k). In practice, Quitevis
et al. succeeded in explaining solvent effects on the photophys-
ical characteristics of RB in various alcohols and nitriles. The
physical meaning of Eq. 9 is not straightforward and it will be
better to consider this as an empirical equation. Nonetheless,
the relation is useful to explain solvent effects on the spectro-
scopic properties of a xanthene dye. Therefore, we studied the
applicability of the model to the photophysical properties of
SRB in water-1,4-dioxane mixtures and in several alcohols.
The fluorescence lifetimes (7 determined at 580 nm) and
quantum yields (@) of SRB determined in water-dioxane mix-
tures and a series of alcohols at 25 °C are summarized in Table
4. k, thus calculated from 7 and @ is also included in Table 4.
The k., value varied with the medium in the range of (4.1-0.7)
X 10% s7!, whereas the radiative decay rate constant (k;) was
rather insensitive tothe medium properties: (2.8—1.7) X 108 s,
The relationship between In k,, and E1(30) is shown in Fig. 8.
As seen clearly, all the data fall on a straight line and the slope
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Fig. 8. Relationship between the natural logarithm of &, (de-
termined in water-1,4-dioxane mixtures (close square) and
alcohols (open circle)) and E1(30). The solid line repre-
sents the best fit by using Eq. 9.
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Table 4. Photophysical Parameters of SRB in Water—1,4-Dioxane Mixtures and Alcohols

Solvent Er(30)® Aem” T k. kor o8]
/kcal mol ™! /nm /ns /108 s7! /108 s7!
H,0:Dioxane
/vol%
100:0 63.1 583 1.50 2.61 4.08 0.39
90:10 61.1 584 1.75 2.78 2.95 0.49
70:30 57.1 583 2.07 2.46 2.37 0.51
50:50 53.6 582 2.33 2.54 1.76 0.59
30:70 50.9 579 2.56 2.33 1.58 0.60
10:90 46.7 576 2.85 2.20 1.31 0.63
2:98 414 569 3.38 2.24 0.72 0.79
Alcohol®
MeOH 55.4 574 2.33 2.06 2.24 0.48
EtOH 51.9 572 2.83 1.94 1.63 0.55
PrOH 50.7 570 3.13 1.73 1.47 0.54
BuOH 49.7 570 3.20 1.68 1.44 0.54
OctaOH 48.1 572 3.21 1.90 1.21 0.61

a) The value is calculated on the basis of a volume percentage of 1,4-dioxane in H,O.
b) The fluorescence maximum wavelength of SRB.

¢) The fluorescence quantum yield of SRB relative to the value in ethanol.

d) MeOH, EtOH, PrOH, BuOH, and OctaOH represent methanol, ethanol, 1-propanol,

1-butanol, and 1-octanol, respectively.

Table 5. Photophysical Parameters of SRB and Polarities at the Water/Oil Interfaces

Org. Phase Er(30) T Ko Er(30)in E1(30)carc
/kcal mol ™! /ns /108 57! /kcal mol ™! /kcal mol ™!
Cyclohexane 30.9 3.00 1.13 46.7 47.0
CCl, 324 2.95 1.18 474 47.8
Toluene 339 2.84 1.32 48.8 48.5
CB 36.8 2.89 1.25 48.1 50.0
DCB 38.0 3.00 1.13 46.7 50.6
DCE 41.3 2.78 1.39 49.5 52.2
a) The value for the oil.
value of the plot was 0.074 = 0.01. Although the slope value 65
is somewhat smaller than that determined for RB in alcohols -
(0.12 = 0.02),'* the photophysical properties of SRB and Eq. 60 |-
9 are applicable to probing the polarity at a water/oil interface. I E (30),,.
Figure 7 shows the fluorescence decay profiles of SRB at a 5 OBT
water/DCE interface and in an aqueous s.()1ut10n, together with C_E“ sob 3 //,//" 5
the relevant Re for each single-exponential fit. Analogous re- e |1 _O0— o 6
sults were obtained for other water/oil systems (data are not :E s O’/ﬁz 4 © P
shown), and the 7 values determined are summarized in Table =
5. It is noteworthy that the TIR fluorescence decay curve ob- :r mys
served at each water/oil interface is reasonably fitted by a sin-
gle-exponential function as judged by Re, and their lifetime is 35+
always longer than that in an aqueous phase (1.5 ns). Table 4 I
indicates that k, is not sensitive to solvent environments com- 3030 : 3'2 : 3'4 : 3'6 : 3'8 : 4'0 0
pared to k. Assuming k. to be constant at the average value .
(2.21 X 10® s71) of those in the bulk solutions (Table 4), we £,(30) / keal mol

calculated k,, of SRB at the interface: k,, = 7' — k.. The in-
terfacial polarity E1(30);,. in each water/oil system was then
estimated on the basis of the relevant &, value and the relation-
ship in Fig. 8. The results are summarized in Table 5 and Fig.
9, together with interfacial polarity E1(30).,. calculated by Eq.
8. These data demonstrate that E1(30);,, observed takes always

Fig. 9. Relationship between E1(30);, and E1(30) of the oil
phase. Open circles and solid curve represent E1(30);,, and
E1(30)cac, respectively. 1: cyclohexane, 2: carbon tetra-
chloride, 3: toluene, 4: chlorobenzene, 5: o-dichloroben-
zene, 6: 1,2-dichloroethane.
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Fig. 10. Schematic illustrations of sharp ((a)) and rough ((b))
water/oil interfaces. E denotes the direction of the electric
field generated across the water/oil interface. The arrows
represent the rotational reorientation of SRB at the water/
oil interfaces.

an intermediate value between ET(30) of water and that of the
organic phase. In the case of a relatively low polarity solvent
(cyclohexane, CCly, or toluene), Er(30);, agreed very well
with E1(30).,. as predicted by Eq. 8. In these interfacial sys-
tems, our fluorescence data indicate that the interface is thin
and two-dimension-like. When a water/oil interface is thin and
sharp, therefore, it is concluded that the interfacial polarity is
well predicted by the arithmetic average of the polarities of the
water and organic phases: Eq. 8. In the case of a relatively
high polarity solvent (CB, 0o-DCB, or DCE), on the other hand,
E1(30);,. was always lower than E1(30)e.. The time resolu-
tion of our experimental setup is 20 ps and k; of the dye is rath-
er insensitive to a solvent polarity compared to k,,, so that we
think that the deviation of E1(30);y from E1(30)., in these sys-
tems is meaningful. It is worth noting that these water/oil in-
terfaces are thin (~1 nm) but rough (in the spatial resolution of
Ry) as estimated by the fluorescence dynamic spectroscopies:
dynamic anisotropy and energy transfer method. The results
demonstrate that an interfacial polarity deviates from E1(30)cq1c
when the interface is rough. We suppose that the origin of the
present results would be due to interfacial roughness and ori-
entations of SRB adsorbed on the interface, as discussed be-
low.

The observed interfacial polarity agrees roughly with
E1(30)q irrespective of the experimental method (SHG,'”
ATR absorption,'® TIR fluorescence®®) or of the probe mole-
cule used (DEPNA,'?* DPP,'"® SRB%). Therefore, we con-
clude that the interfacial polarity is governed predominantly by
long-range dipole—dipole interactions between solute and sol-
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vent molecules. For a flat and sharp interface such as water/
cyclohexane, water/CCl, or water/toluene, two-dimensional-
like rotational freedom of the dye indicates that an orientation-
al distribution of the probe molecule at the interface is narrow,
as schematically illustrated in Fig. 10a, where the dye is ad-
sorbed on the interface with the long axis of the xanthene ring
being tilted about 70° to surface normal, while the -SO;~
group of the dye is directed to the water phase as reported pre-
viously.®® Therefore, the dipole moment governing the photo-
physical characteristics of SRB at the interface would align
with respect to surface normal. Under such a circumstance, if
the electric field generated across the water/oil interface stabi-
lizes the dipole of the probe molecule, the interfacial polarity
would be observed as the arithmetic average of the polarities of
the two phases (Eq. 8) owing to the almost uniform distribu-
tion of SRB at the interface. On the other hand, a rough inter-
face would render a relatively random distribution of the di-
pole moment of the dye (Fig. 10b) compared to that at a sharp/
flat interface. The rough interface also leads to randomization
of the direction of the electric field at the interface. As the re-
sult, the probe molecule adsorbed on the rough interface would
be less influenced by the electric field, leading to the interfacial
polarity being smaller than Er(30).,.. At the present stage of
the investigation, these pictures are speculative and there is no
theoretical background. Nonetheless, we think that such an
idea will be one of the possible explanations for the present re-
sults on the relation between the polarity and roughness/thick-
ness of the interface.

Conclusions

In order to obtain structural information about water/oil in-
terfaces at a molecular level, two different approaches were in-
troduced to the study. One is a magic angle dependence of the
TIR fluorescence decay profile of SR101 adsorbed on a water/
oil interface. The other approach was a structural dimension
analysis of excitation energy transfer dynamics between dye
molecules adsorbed on water/oil interfaces. The latter method
was shown to have high potential to elucidate the thickness and
roughness of the interfacial layer in the spatial resolution of the
critical energy transfer distance (~7 nm) between an energy
donor and an acceptor. By using these two methods, we dem-
onstrated that a water/CCly interface was very sharp with re-
spect to molecular dimension of SR101. On the other hand, a
water/DCE interface was concluded to be rougher than a wa-
ter/CCly interface. It is worth noting that the present results are
the first experimental proof of the structural difference be-
tween the water/CCl, and water/DCE interfaces. These ap-
proaches are very meaningful in respect to comparative discus-
sion on the same systems by both experiments and available
computer simulation data by Benjamin and co-workers. Fur-
thermore, it has been suggested that roughness of the water/
DCE interface is caused by thermal fluctuation of the sharp
(~1 nm) interface in the range of ~7 nm.

These methodologies were also extended to study other wa-
ter/oil interfacial systems with the properties of the oil being
varied. Such a systematic study on water/oil interfaces has
been rarely explored up to now and, therefore, the present
study contributes to further advances in the relevant research-
es. Systematic investigations on water/oil interfaces are the
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first step to reveal factors governing structural and physical
characteristics of the interfaces. Usually, interfacial roughness
is explained in terms of the thermal capillary waves propagat-
ing at the interface, which are related to interfacial tension of
the system. However, the thermal capillary wave theory has
been derived from macroscopic properties at a liquid/liquid in-
terface, so that the theory is not necessarily sufficient to ex-
plain interfacial roughness at a molecular level. Actually, no
clear relationship between interfacial tension and interfacial
roughness could be obtained in the present study. The results
clearly suggest that molecular-scale interfacial roughness
would be governed not only by interfacial tension (as a macro-
scopic property), but also by the chemical/physical nature of
an organic solvent itself.

Various chemical processes at or across liquid/liquid inter-
faces are governed by the molecular level structures of the in-
terfaces. In this article, we discussed the relationship between
interfacial thickness/roughness and the nature of an oil phase
for the first time. Also, the present study suggested that inter-
facial roughness would govern various reaction processes
across a liquid/liquid interface. In separation sciences, such
the process is very important: typical examples are solvent ex-
traction and liquid chromatography. Although the present
study is focused on flat water/oil interfaces, the results and
methodologies introduced by the study will contribute to fur-
ther researches in the chemistry at liquid/liquid interfaces.
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